Patchy cleaning is one of issues often encountered for pleated filter cartridges (in an industrial filtration system) undergoing the reverse flow cleaning for filtration medium regeneration. To improve the cleaning quality for pleated filter cartridges, a novel reverse multi-pulsing jet cleaning was introduced in this study. A CFD modeling, via ANSYS CFX R.14, was applied to study the time-dependent flow and pressure fields in a simple filtration system with one filter cartridge under the proposed reverse flow cleaning. The transient static pressure fields for pleated cartridges under the cleaning with four flow pulsing waveforms and three pulsing frequencies were investigated. Cartridges with triangular pleats were selected as the model cartridge. It was found that the reverse multi-pulsing jet operation was able to effectively improve the cleaning performance without the increase of compressed gas tank pressure. The studied operation increased the number of cleaning action and local acceleration at the top sections of filter cartridges. In addition, the surfaceaveraged peak pressure drop across pleated filter media at the base section of cartridges was also 6.5% increased when pleated cartridges were cleaned by the proposed scheme as compared to that cleaned by the single-pulsing flow scheme. The peak pressure drop increase enhanced the cleaning mechanical stress at the base section of cartridges. The better performance for reverse flow cleaning was found in the multi-pulsing mode having the rectangular waveform and at high frequency. The observed peak pressure drop increase at the base section of filters was found closely related to the interaction of residual gas from the former pulsing and jet flow from the later pulsing. Further investigation indicated that the observed cleaning performance improvement was also shown under the consideration of the tank pressure reduction and change of media permeability during the removal of dust cake built-up on filter surface.
INTRODUCTION
Filtration systems with filter cartridges have been utilized in industrial applications for either removing particulate matter (PM) or recovering powders from industrial processes. As PM continues being collected on the surfaces of filter cartridges during the filtration the cartridge pressure drop increases (Novick et al., 1992; Cheng and Tsai, 1998) . Periodical regeneration of filter cartridges is then required for continuously operating filtration systems. Regeneration of filter cartridges is typically accomplished by a reverse flow cleaning, especially when collecting dry PM. Filtration efficiency and lifetime of filter cartridges are greatly influenced by the cleaning via injecting a high-pressure jet flow (in the reverse filtration flow direction) in the direction reverse to that of filtration flow for a very brief duration (Leith and Ellenbecker, 1980; Chen and Pui, 1996; Calle et al., 2002; Binnig et al., 2009) . The research and development of an effective reverse pulsing-jet cleaning process are thus important for industrial filtration applications.
Several factors are expected to have an effect on the cleaning efficiency of pleated filter cartridges. They include the pleat geometry (Lo et al., 2010a, b) , compressed gas tank pressure and pulse duration (Lo et al., 2010a, b; , injection nozzle (Yan et al., 2013; Qian et al., 2014; Yan et al., 2015) , cleaning mode (Lo et al., 2010a) , cone installation , clogging of filter media , and particle types (Bemer et al., 2013) . Research (Lu and Tsai, 1996; Ji et al., 2004; Simon et al., 2007; Park et al., 2012) has been performed to improve the cleaning performance during a reverse pulsing-jet process for baghouse and filter cartridges.
Under the action of a high-speed jet flow initiated from an injection nozzle, it is believed that local mechanical stress distribution on the filter surface plays a major role in the cleaning process. Non-uniform cleaning (i.e., patchy cleaning) and significant pressure variation in reverse flow cleaning process remain as issues in industrial filtration systems. It is because that they often result in adverse effect on the cleaning efficiency/quality and lifetime of filter cartridges. Simon et al. (2007) studied the characteristics of reverse flow cleaning of baghouse filters supported by rigid rings. Various cleaning mechanisms and aerodynamic behaviors at different locations of fresh and used baghouse filters were discussed. It is found that the top section of a baghouse filter has low cleaning efficiency as compared with the other section of the filter (because of the close proximity to pulsing-jet flow). In the top section of filters gas flow actually permeated from the outside to the inside of a baghouse filter in the reverse pulsing-jet cleaning. The similar observation was also found in the cases of pleated filter cartridges. Lo et al. (2010a) and Yan et al. (2013) found that the top section of pleated filter cartridges were difficult to be cleaned because the peak cleaning pressure was low, resulting in the patchy cleaning of filter cartridges. The aforementioned issue has not been efficiently solved yet. Only limited researchers explored new methods for solving the patchy cleaning at the top section of pleated filter cartridges (Yan et al., 2013) .
Set pressure for the compressed gas tank and flow pulse duration for the reverse flow cleaning are two operational parameters which can be easily varied in filtration systems. Increasing the overpressure by increasing the tank pressure and extending the pulse duration have been proved to be efficient in enhancing the local cleaning efficiency. However, the disadvantages of increased tank pressure are (1) the increase of energy consumption for the cleaning operation, and (2) the potential increase of filter medium damage by excessive stresses.
To solve the patchy cleaning issue under the consideration of less energy consumption and minor/no tank pressure increase we proposed to clean filter cartridges via multiple pulsing jets, instead of one single pulsing jet typically applied in existed filtration system. The above-proposed cleaning mode is called in this work as the "reverse multipulsing jet" cleaning. Numerical modeling of transient flow and pressure fields under the reverse pulsing-jet cleaning (with single pulse) revealed that the effective cleaning time (considering the cleaning due to local mechanical stresses) was actually varied much at different locations of filter cartridges, especially at the top section of cartridges. In extreme cases, the effective cleaning times for the top and base sections of filter cartridges could be different by a factor of more than 1000 times. We thus hypothesized that multiple pulsing of reverse jet flow in the cleaning may result in better cleaning performance than single pulsing.
The objective of this work is thus to numerically investigate the quality of reverse flow cleaning via multiple pulsing schemes for pleated filter cartridges. A 3D transient model for pleated filter cartridges was developed to study the performance of proposed cleaning. Filter cartridges with V-shaped pleats were selected as model filter cartridges. In addition to the single pulsing scheme, the schemes with three other waveforms for the opening of the tank valve were also designed in this study. Notice that the total valve opening time for all studied waveform modes was kept the same.
NUMERICAL MODELING

Numerical Approach and Models
The Computational Fluid Dynamics (CFD) code (ANSYS CFX R.14, 2011) was applied in this study to calculate the flow and pressure fields in a single-unit filtration system under the reverse flow cleaning. The modeling solved unsteady Reynolds-averaged Navier-Stokes (N-S) equations for a single-phase flow. The element-based finite volume method with a high resolution scheme was applied to discretize the convection terms in the general transport equations (including N-S equations). The second-order backward Euler scheme was applied to the time-derivative terms in the equations. The pressure-coupled solver was used in ANSYS CFX to solve discretized equations.
Isothermal flow was assumed in the filter medium domain while the total energy was set in the fluid domain. The SST k-ω turbulent model with second-order accuracy was selected in this modeling with an automatic wall function. The turbulence flow model has been extensively validated for a wide range of flows and proved to have better performance than the standard k-ε model in various examples (Menter et al., 2003) . The marching step in time was set at 0.3 ms. Fig. 1(a) shows the schematic diagram of a single-cartridge filtration system under this study. Also included in the same figure are filter cartridges with triangular pleats (shown in Fig. 1(b) ). Filter cartridges with triangular pleats (given in Fig. 1 ) were considered in this study. The modelled filter cartridge was selected from one of three example cartridges studied in the work of Lo et al. (2010b) . The thickness of filter media was assumed to be 0.8 mm. The wall thickness of the injection nozzle was given as 0.5 mm. Note that the diameter and length of modelled injection nozzle are also given in Fig. 1(a) . The injection nozzle was placed along the axis of filter cartridges. No blow tubing was included in our model. Fig. 1(b) shows the definition of "outer" and "inner" surfaces of filter cartridges. The angles (θ and θ'), representing the geometric characteristics of a single pleat, were calculated by dividing 360 o with the total number of pleats of studied filter cartridges.
Only a pleat element was considered in our modelling because of the circumferential symmetry of studied filter cartridges, nozzle arrangement and filtration system configuration. For simplicity clear filter cartridges were assumed in the majority of the modelling. Fig. 2 shows the schematic diagram of typical computational domain (with 30 copies). Only the flow and pressure fields during reverse flow cleaning were calculated.
ANSYS ICEM CFD R.14 was used to generate structured meshes in the computational domain. 3D hexahedral elements were used. The meshes near the surfaces of filter media and nozzle were further refined to ensure the y + (i.e., the dimensionless wall distance) of the first mesh layer adjacent to walls is less than 1.0. The calculated meshes with encrypted meshes on the surface of filter media was ~0.1 million. In addition, the node number along the thickness of filter media was set to 16 to improve the meshing accuracy of medium domain.
Boundary Conditions
The total-pressure boundary condition was applied to one inlet of the computational domain and average static-pressure condition was applied to two outlets of the computational domain. In reality, once the cleaning is initiated, high-pressure gas from the pressured gas tank flows through a solenoid valve, a long flow distribution pipe to an injection nozzle. In this modelling, gas flow from the pressure tank to the inlet of injection nozzles was not included. Instead, it was simplified to apply a transient total-pressure distribution at the inlet of injection nozzle.
Four different waveforms for the transient total pressure at the nozzle inlet (shown in Fig. 3 (a)) were investigated. They include the single pulsing mode (i.e., waveform 1, representing the mode typically used in industrial filtration systems) and three periodical pressure modes (i.e., waveforms 2, 3 and 4, respecting the multiple pulsing modes). The design of these waveforms was based on the data given in the work of Lo et al (2010b) : when the tank pressure and pulse duration were set at 482,370 Pa and 350 ms, the measured highest total pressure and pulse duration at the nozzle inlet were 45 kPa and 0.5 s during air injection, respectively. Note that the peak total pressure and total pulse duration in all the modes are kept the same. The waveform 1 mode operation was selected as the reference. At the outlets of computational domain, one standard atmospheric pressure was applied as an average static pressure. The inlet static temperature and turbulence intensity were 300 K and 5%, respectively. The computational domain consisted of three sub-domains: two for flow in space and one for flow in porous media. Sub-domains of different physical types were joined together via the general grid interface (GGI) allowing the energy to flow through the interfaces. GGI permits the mis-matching of node location, element type, and surface extent and shape as well as flow physics.
Filter Media Models
Flow in filter media can be calculated by either a momentum loss model or full porous model included in ANSYS CFX (ANSYS Inc., 2011) . In this study, porous filter media was assumed to be isotropic and a momentum loss model was selected to model the flow resistance characteristics of pleated filter media. Momentum source terms are used to model isotropic losses in isotropic porous media. The momentum losses in an isotropic porous media can be expressed as the following:
where K 1 and K 2 are the permeability and quadratic loss coefficient, respectively, which were given in the computation. U is the superficial velocity of filter media. The linear source term represents viscous loss and the quadratic term for inertial loss. In most cases, the linear term is dominant in pressure loss across porous media. The effect of porosity is accounted via this linear loss term. K 1 can be estimated from the Darcy's law (ASTM D737-04, 2012) and its general form is expressed as:
where p  is the pressure gradient across porous media, and μ is the dynamic viscosity of gas at the temperature of 300 K. The superficial velocity of porous media, U 0 , is difficult to be calculated accurately, so Eq. (2) can be converted to another form:
where A is the cross section area, Q is the total flow rate across porous media, L is the thickness of porous media in the flow direction, and Δp is the pressure drop across porous media. K 1 and K 2 was set to 2 × 10 -12 m 2 and 1,000 m -1 , respectively (because of the coefficients enabling the matching of filter-testing data in the literature (Lo, 2006; Lo et al., 2010a) . A porosity of 0.99 was assigned to the medium subdomain to model the presence of medium structure existed in the cartridge filters. The deformation of filter media under the reverse pulse-jet process was not considered in this modeling.
RESULTS AND DISCUSSION
Because of cartridge structure and filter media the cleaning mechanism for removal of dust cake from pleated filter cartridges is believed not the same as that for baghouse filters. A literature review shows that the reverse airflow action (Koch et al., 1996; Simon et al., 2004) , pressure drop and/or pressure acceleration (Lu and Tsai, 1996; Kanaoka and Kishima, 1999) and peak pressure Yan et al., 2015) have non-negligible roles for the dust removal via reverse flow cleaning. Different cleaning mechanisms may also exist from the top section to the base of filter cartridges (Simon et al., 2007) . The above-listed factors were often used in the literature as the criteria in determining the efficiency and quality of reverse flow cleaning.
In a standard single-pulsing jet cleaning, the top section of filter cartridges experiences reverse airflow cleaning action only for a very brief period of time (when the jet stream arrives at the top of filters). After the brief time period, the cleaning pressure quickly becomes negative in value, losing its cleaning effectiveness and, even worse, re-picking up dust particles which were previously unloaded. As shown in Fig. 4 , at t = 2.7 ms (at a very initial moment), a powerful jet flow near the nozzle exit resulted in positive high (a) (b) (c) Fig. 3 . Waveforms of total inlet nozzle pressure used in this study to investigate the feasibility of reverse flow cleaning via multiple pulsing jet operation: (a) are four different waveform shapes studied. Note that the single pulsing i.e., the waveform 1, is consider as the reference because it is a typical one applied in industrial filtration systems; (b) is for studying the effect of pulsing frequency on the quality of reverse flow cleaning; (c) is for the consideration of decreasing compressed gas tank pressure as the cleaning progress. pressure at the top section of the filter cartridge, driving gas flow to remove dust built-up on the outer surfaces of pleated filter cartridges. As the continuous development of jet flow, the positive high pressure zone moved to the base section of filter cartridges. At the same time, significant negative pressure appeared at the top section of cartridges as shown in Fig. 4 for t = 0.3s. To improve the cleaning efficiency at the top section of filter cartridges, we proposed to operate the cleaning in a multiple pulsing mode. Fig. 5 shows the average pressure drop across pleated filter media over the entire filter surface as a function of time (t = 0~0.15 s). Compared with the single pulsing mode, the cleaning with multi-pulsing schemes kept the approximate pressure variation patterns as that of total pressures set at the nozzle inlet. The time variation of pressure drop in the multiple pulsing modes was divided into a series of pressure raise with no significant change of positive peak pressure. It is thus not possible to determine the cleaning in which waveform mode was better performed by the average pressure drop over the whole filter surface. To compare the performance of cleaning with various waveform schemes, we divided the whole filter cartridge (along the cartridge height) into ten sections (starting from the base section numbered as #1; shown in the side of Fig. 6 ). The peak pressure drop across pleated filter media and pressure acceleration are applied herein as the indicators for cleaning efficiency. Both high positive peak pressure drop and acceleration have beneficial roles in the reverse flow cleaning of pleated cartridge filters (Yan et al., 2013 (Yan et al., , 2015 . Notice that all the pressures discussed in the following are the static pressure drop across pleated filter media, not absolute pressure. Fig. 6 shows the peak pressure gained at different sections of filter cartridges between t = 0.2s and t = 0.3s. For all three multi-pulsing waveform schemes, the peak pressure in the top section of filters, especially in the sections #7, #8, #9 and #10, obviously increased due to the multipulsing cleaning operation. Further, the peak pressure drop in the base sections of filter (i.e., the sections #1, #2, #3, #4 and #5) were also improved. As a result, the variation of peak pressure from the top to the bottom of filter cartridges was more gradual than that in single pulsing mode. The mechanism for the increase of peak pressure is in fact very different at the top and bottom of filter cartridge. Table 1 gives the ratio of average peak pressure drop at the sections #1, #2 and #3 when operated the cleaning in multiple pulsing modes (relative to that in the single-pulsing mode). The maximal peak pressure drop increase was 6.5% in the corresponding to the cleaning via the waveform 3 scheme. The increased peak pressure drop enhanced local cleaning mechanical stresses, expecting to result in better cleaning efficiency.
To further understand the transient characteristics of local pressure drop, the time dependent pressure variation at the sections #1, #2, #3, #8, #9 and #10 when pleated cartridges were cleaned via four waveform schemes are given in Fig. 7 . For the pulsing modes with the waveforms 1 and 2, the pressure evolution has the similar trend during the initial pressurization because of the same total pressure setting at the nozzle inlet. For the cleaning modes with waveforms 3 and 4, higher peak pressure drop at the bottom sections and lower peak pressure drop at the top sections of filter cartridges were observed during the initial pressurization. Note that the nozzle pressure rose in the modes of waveforms 3 and 4 is lower than that in the mode with waveforms 1 and 2 (as shown in Fig. 3 ). After the first pulse jet, the distribution characteristics of pressure waveforms remained similar in the following pulsing jets. Also evidenced in Fig. 7 , both a higher positive and lower negative peak pressure drops were observed in the top sections (i.e., the sections #8, #9 and #10) of filter cartridges, especially for the pulsing mode in the waveform 2. Significant pressure rise and fall events, in fact coincided with the opening and closing of tank valve. The fast pressurization is expected to result in quick local filter medium acceleration, resulting in improving the cleaning efficiency. It is surprising that the fast pressure acceleration was also observed at the bottom sections of filter cartridges. Different from the regular acceleration due to the medium movement, the present acceleration is stemmed from the multi-pulsing operation. The increased pressure drop and time of medium acceleration induced by the multi-pulsing operation are expected to efficiently restrain the re-attachment of dust previously unloaded. Table 1 . Increase of the surface-averaged peak pressure drop achieved in reverse flow cleaning when operated at multi-pulsing modes (relative to that when operated at single pulsing mode) at t = 0.2-0.3 second. The variables of "P a1 ", "P a2 " and "P a3 " represent the average peak pressure drop at the sections #1, #2 and #3, respectively.
Increase (%) P a1 P a2 P a3 Waveform 2 5.4 4.9 2.9 Waveform 3 2.5 3.6 6.5 Waveform 4 3.8 4.5 6.1
It is worth noting that, observed in Fig. 7 , the pressure evolution in the first pulsed jet is distinctly different from that in other following pulsed jets. To understand the above observation, Fig. 8 compares the transient distribution of static pressure for the pulsing mode with the waveform 2 at two selected time instances (t = 3 ms and 0.153 s). Two moments were selected because the jet flow just entered the filter cartridge at two different pulsing events. As evidenced in Fig. 8 , the static pressure in the cartridge core at the time of 0.153 s is higher than that at the time of 3ms. At the ending of each pulsed jet, residual gas in the cartridge core had no sufficient time to be completely released. The formation of high-pressure zone is due to the interaction of residue gas left from the prior jet and the following jet. It is obvious that the mechanism to improve peak pressure at the bottom of filter cartridges has high correlation with the above interaction.
The pulsing frequency is expected to have impact on the performance of reverse flow cleaning. To investigate the pulsing frequency effect on the cleaning quality, two types of inlet total pressures at different pulsing frequencies (shown in Fig. 3(b) ) were designed and applied as inlet boundary conditions in our modeling. Fig. 9 shows the distribution of time-dependent average pressure drop at the sections #1 and #2 of filter cartridges. With the reduced pulsing frequency, the peak pressures in the pulsing modes with the waveforms 2A and 2B were reduced as compared to that in the mode with the waveform 2. In particular, negative peak pressure drop in the section #10 of cartridges were reduced by nearly 50% and positive peak pressure in the section #1 of filters was very close to that obtained in the mode with the waveform 1. In addition, the reduced pressure in the section #10 of filters is expected to reduce medium acceleration. Pulsing the flow at high frequency is thus believed to result in better cleaning efficiency. In reality, the tank pressure tends to reduce as the time progress in each cleaning cycle. To take the effect of total pressure decay in each cleaning phase into consideration, we revised the nozzle inlet pressure in our modeling to that designed in Fig. 3(c) (i.e., the waveform 2C). Given in Fig. 10 are the average pressure drops in the sections #1 and #10 of filter cartridges under the condition of tank pressure decreasing. At the higher tank pressure, the greater peak pressure drop at the cartridge base (i.e., the section #1) and greater pressure drop variation at the filter top (i.e., the section #10) at the jet initiation were observed. As the inlet tank pressure reducing, the above observation was gradually diminished. It is also found that the pressure variation at Fig. 7 . Surface-averaged static pressure drop at the selected sections (#1, #2, #3, #8, #9, #10) of studied filter cartridges as a function of time under the cleaning with the modes having the waveforms 1, 2 3 and 4 (given in Fig. 3(a) ). low tank pressures was more gradual than that at high tank pressures, indicating the cleaning improvement due to the peak pressure is gradually reduced as the tank pressure decreasing.
To evaluate the performance of reverse flow cleaning in multi-pulsing modes under the consideration of dust cake removal during the cleaning process, a time-dependent permeability of filter media was applied to the porous medium model used in our modeling. According to the dust cake release behavior (as a function of time) observed in the work of Ferer and Smith (1997) the time-dependent permeability of filter media during the cleaning phase was assumed in a logarithmic cake release mode (shown in Fig. 11 ). The initial permeability of porous media in the case of dense Al 2 O 3 dust cake was set at 3.03692 × 10 -14 m 2 and the final permeability in the case of loose dust cake was at 3.5 × 10 -12 after an ideal cleaning (Lo, 2006) . Fig. 12 shows the average static pressure drop in the sections #1 and #10 of filter cartridges when operating the cleaning in the modes of multiple pulsing (under the consideration of dust cake removal). As expected, the positive peak pressure drop at the cartridge base (i.e., the section #1) was increased during the operation of multiple jet-pulsing cleaning. Additionally, high medium acceleration due to multiple jet-pulsing was also evidenced. Note that the initial pressure rise in very initial cleaning phase (due to low filter permeability) was observed in this case. The improved effectiveness of multiple jetpulsing cleaning is thus expected under the condition of dust cake removal.
CONCLUSIONS
Reverse flow cleaning (with single flow pulsing) is typically deployed in industrial filtration systems to regenerate filter media of pleated cartridges applied for collecting powder particles. The patchy cleaning at the top section of filter cartridges is often encountered in the practice. In this study we explored the feasibility of reverse flow cleaning via a multiple pulsing scheme in one cleaning cycle to improve the cleaning efficiency and quality of filter cartridges. A time-dependent 3D modelling of flow and pressure fields in a single-cartridge filtration system was carried out for this investigation. The effects of pulsing waveform and frequency on the quality of reverse flow cleaning of pleated filter cartridges were studied. Four waveforms and two frequencies of multi-pulsing mode operations were selected. It is concluded that the new cleaning operation using the multi-pulsing jets effectively improves the cleaning performance without the increase of compressed gas tank pressure. The multi-pulsing jet operation increases the number of cleaning actions and local medium acceleration at the top sections of filter cartridges. The operation further enhances the cleaning mechanical stress by raising the peak pressure drop at the bottom sections of filter cartridges. The improvement of cleaning efficiency could also be obtained via the increase of compressed gas tank pressure. However, the energy consumption of pumping gas to high pressure tank and increased potential to reduce the service lifetime of filter cartridges (due to medium damage under cleaning) would limit the use of tank pressure increase. The multi-pulsing operation studied herein could thus provide an easy solution for the cleaning quality improvement without the increase of compressed gas tank pressure.
Our study further found that, while the overall-surfaceaveraged peak pressure drop across pleated filter media remained unchanged, the average peak pressure drop at the bottom section of filter was 6.5% increased as compared to that under the cleaning with single jet-pulsing mode. Further, the multiple jet-pulsing mode of the waveform 2 provides better cleaning performance than those of the waveforms 3 and 4. It is because of the greater increase of positive peak pressure drop and medium acceleration at the top sections of filter. The increase of peak pressure drop at the bottom section of filter cartridges was observed to correlate well with the interaction of residue gas, left from the former jet, and the following jet flow. The enhancement of medium acceleration at the top section of cartridges may disturb the re-attachment of cleaned dust, thus improving the cleaning quality. The high-frequency pulsing operation is believed to provide better cleaning performance because of the higher positive peak pressure drop in the cleaning. Further study indicated that the improvement of cleaning performance is achievable under the consideration of the tank pressure decrease and the time-dependent change of filter permeability during each cleaning cycle. It is also found that the pressure drop variation in the case at low Section 10 tank pressure setting was less than that in the case at high tank pressure setting, indicating the cleaning improvement attributed to the peak pressure drop is gradually reduced as the tank pressure decreasing.
